We report the water-induced transformation of the [Zn2(dobdc)] (dobdc = 2,5-dioxidobenzene-1,4-dicarboxylate) metal-organic framework UTSA-74 to its polymorph MOF-74(Zn), contrary to a previous report on the stability of UTSA-74 under such conditions. This dissolution-recrystallization process was investigated using time-resolved in situ X-ray diffraction and kinetically analyzed using the Gualtieri crystallization model.
including liquid assisted grinding 21 and water-based syntheses relying on stoichiometric amounts of NaOH to deprotonate the H4dobdc linkers. 22, 23 However, most syntheses are based on the originally reported solvothermal synthesis, 8 where H4dobc and Zn(NO3)2·6H2O are dissolved in N,N-dimethylformamide (DMF) together with a small amount of water, presumably for solubility reasons, and allowed to react at 105 °C.
Recently, Luo et al. 7 found that performing this synthesis at a higher temperature (158 °C) did not lead to the formation of MOF-74(Zn), but rather to a previously unreported polymorph denoted UTSA-74. This structure (Fig. 1b, left) crystallizes in the rhombohedral space group R3 ̅ c and features one-dimensional channels, similar to those of MOF-74(Zn). However, in UTSA-74 these channels are delineated by chains of dobdc 4- linkers alternating with discrete Zn 2+ dimers (Fig. 1b, right) rather than by the helical ZnO6-chains found in MOF-74, leading to the novel fgl topology. Each dimer in UTSA-74 consists of an edge-sharing pair of a tetrahedrally and an octahedrally coordinated Zn 2+ ion, with two phenolate µ-O atoms forming the shared vertices of these polyhedra. The coordination environment of the tetrahedral Zn 2+ ions is completed by two carboxylate oxygen atoms originating from dobdc 4-linkers in neighbouring chains. Similarly, the equatorial plane of the octahedral Zn 2+ ion, containing the phenolate oxygen atoms, is completed by two carboxylate oxygen atoms of the dobdc 4-linkers in the same chain as the dimer. The trans apical positions are occupied by guest molecules that line the pore walls. Interestingly, the presence of two coordinatively unsaturated sites on a single Zn 2+ ion after guest removal results in very different sorption properties for UTSA-74 compared to MOF-74(Zn), with superior performance in the separation of C2H2 from CO2. 7 During our own synthetic efforts in the Zn 2+ /H4dobc system, we observed that large (up to 300 m), hexagonal crystals of UTSA-74 (Fig. S1 ) can also be prepared via an alternative synthesis, by reacting Zn(CH3COO)2·2H2O (4.5 mmol) and H4dobdc (2.5 mmol) in dimethyl sulfoxide (DMSO) at 110 °C for 72 h. The UTSA-74 structure was confirmed by X-ray diffraction of both single crystals and crushed samples (Fig. 2a , Table S1 ). Following UTSA-74 synthesis, FTIR and TG analysis indicated the presence of DMSO molecules in the pores, likely occupying the apical sites of the octahedral Zn 2+ nodes (Fig. S2-3 ). These guest molecules could be efficiently exchanged by soaking the assynthesized crystals five times in ethanol at 80 °C overnight. From the nitrogen physisorption isotherm obtained after activation at 150 °C under vacuum for 4 h (Fig. 2b) , a BrunauerEmmett-Teller (BET) specific surface area of 890 m 2 ·g -1 was calculated, which is comparable to the value obtained by Luo et al. (830 m 2 ·g -1 ). 7 Likewise, a similar CO2 uptake of 6.08 mmol·g -1 , or approximately one CO2 molecule per Zn 2+ dimer was measured (Fig. S4) .
The original report on the discovery of UTSA-74 stated stability of the material in organic solvents and water in the pH range 3-10. 7 Surprisingly, while we indeed found UTSA-74 to be stable in various organic solvents (Fig. S5 ), in our hands exposure to water, either in liquid form or as a vapour, induced gradual but clear changes in the material's powder X-ray diffraction pattern (Fig. S6-7) . In a preliminary static in situ experiment at ambient temperature, the reflections of UTSA-74 submerged in water in a sealed glass capillary gradually disappeared over the course of ~7.5 h, with a concomitant appearance and growth of a new set of reflections. The diffraction pattern of the newly obtained phase strikingly matched that of hydrated MOF-74(Zn) (Fig. 2a) , 11 indicating a conversion from one [Zn2(dobdc)] polymorph into another. Upon careful re-examination of the diffraction data of the water stability tests in the original report, 7 a partial phase transformation to MOF-74(Zn) was also observed, albeit at an apparently slower rate than we found (Fig. S8) .
The MOF-74(Zn) formed by transformation of UTSA-74 shows excellent microporosity (Fig. 2b) , with a BET surface area of 986 m 2 ·g -1 , well within the reported range for MOF-74(Zn) prepared directly from H4dobdc and a Zn-salt. 22 Scanning electron micrographs (SEM) recorded at various stages of the transformation process further show the growth of small, needle-like crystals of MOF-74(Zn) nucleated on the surface of the large UTSA-74 single crystals, and the concomitant disintegration of the latter (Fig. 2c, Fig. S9-10 ). These observations clearly indicate that the phase transformation of UTSA-74 to MOF-74(Zn) occurs not as a single-crystal-to-singlecrystal process, but rather via a dissolution-recrystallization mechanism.
To gain a deeper insight into the process and the kinetics underlying this transformation, time-resolved in situ X-ray diffraction experiments were undertaken at 110 °C and 120 °C at beamline P08 at DESY (Hamburg), 24 using a custom-built in situ cell (details in ESI). In each experiment, 100 mg of ethanolexchanged UTSA-74 crystals was suspended in 3 ml deionized H2O and rapidly heated to the desired temperature under stirring. Diffraction data were recorded with a temporal resolution of 30 s, as presented in Fig. 3a and b . The disappearance of UTSA-74 by dissolution (UTSA-74) and the extent of MOF-74(Zn) crystallization (MOF-74) were determined by normalizing the intensity of their strongest reflection ((21 ̅ 0) for both phases) against its maximum value, as this can be Please do not adjust margins Please do not adjust margins considered proportional to the concentration of each phase. The obtained evolution of UTSA-74 and MOF-74 at 110 °C and 120 °C is plotted in Fig. 3c and d, respectively.
At both temperatures, following an initial stage of slow intensity decrease for UTSA-74, a steep decay of UTSA-74 is observed, which is fitted well by an exponential decay function (Table 1) :
The value of t0, considered as the onset of the exponential regime, was set at 6.5 min and 4.5 min at 110 °C and 120 °C, respectively. The pseudo-first order rate constant for UTSA-74 dissolution (kdiss), increases significantly with temperature, adopting values of 0.11(1) min -1 (110 °C) and 0.15(3) min -1 (120 °C), leading to near-complete disappearance of UTSA-74 after approximately 32 min at 110 °C and 26 min at 120 °C.
The first reflections of MOF-74(Zn) start to appear after 6 min and 5 min at 110 °C and 120 °C, respectively, corresponding more or less to the point at which the dissolution of UTSA-74 accelerates and enters the exponential regime. MOF-74 subsequently reaches its maximum value after 48 min and 32 min, respectively, at 110 °C and 120 °C. Note that after this time a slow intensity decrease in the MOF-74(Zn) powder pattern can be observed, hinting at decomposition of MOF-74(Zn) in [25] [26] [27] [28] Kinetic information on MOF-74(Zn) formation was extracted from the data by applying the model developed by Gualtieri, originally to describe the crystallization kinetics of zeolites 29 but frequently applied to in situ crystallization studies of MOFs. 5, [30] [31] [32] [33] [34] [35] The model fits the extent of crystallization, in our case MOF-74, as a function of crystallization time t:
Nucleation and growth are considered as separate processes, and described by different fitting parameters. The parameters a and b relate to nucleation, respectively representing the maximum and variance of the Gaussian probability distribution of the number of formed nuclei PN as a function of t.
Hence, the inverse of a can be interpreted as the rate constant for nucleation, kn, whereas b provides information on the nucleation mechanism. Crystal growth is captured in the rate constant kg and the parameter n, which relates to the dimension of crystal growth. We set n = 1, based on the needle-like morphology of the formed MOF-74(Zn) crystals (Fig. 2c ) and in accordance with the work of El Osta et al. 33 on the crystallization of MOF-74(Co) and MOF-74(Ni). In our study, MOF-74 was fitted well by the Gualtieri model when disregarding the regime where the reflections of MOF-74(Zn) again start losing intensity.
The fitted parameters at both investigated temperatures are summarized in Table 1 . Please do not adjust margins
Please do not adjust margins At both temperatures, nucleation seems to be the ratelimiting process in MOF-74(Zn) formation, with kn being smaller than kg, and extends well into the crystallization period, as indicated by the nucleation probability distribution PN. Furthermore, since b ≤ 15, nucleation can be interpreted to proceed in a heterogeneous fashion, 29 as also indicated by the SEM micrographs, showing growth of MOF-74(Zn) onto the UTSA-74 crystals. While both nucleation and growth are accelerated by increasing the reaction temperature, this effect is far more pronounced for the latter, with kg rising from 0.118(9) min -1 at 110 °C to 0.206 (29) min -1 at 120 °C. These values are rather low compared to those extracted from in situ data on the crystallization of MOF-74(Co) and MOF-74(Ni) from H2O/tetrahydrofuran synthesis solutions. 33 The latter study yielded very high values for Co 2+ (kg = 0.586(8) min -1 and kn = 0.7174(77) min -1 at 100 °C) and moderate for Ni 2+ (kg = 0.199 (7) min -1 and kn = 0.2500(81) min -1 at 110 °C). A similar trend could be observed for the nucleation rate constants kn. Moreover, kn was found to be consistently higher than kg for the syntheses of MOF-74(Co) and MOF-74(Ni), whereas in our case kg > kn in both experiments. 33 In spite of the higher expected reactivity of the Zn 2+ cation, we attribute this discrepancy to the ratedetermining dissolution of UTSA-74, limiting the amount of reactants present in solution. The curves of UTSA-74 and MOF-74 intersect at a value of  ≈ 0.4. In case this intersection would have occurred at 0.5, a direct conversion of UTSA-74 to MOF-74 could be assumed. However, at the intersection point only 40 % of each phase's maximum amount is observable in dispersion. The remaining non-diffracting matter is present as X-ray amorphous intermediates or dissolved reactants and corresponds to the building blocks available for the formation of MOF-74(Zn). Following Ostwald's rule of stages, 36 the conversion of UTSA-74 into MOF-74(Zn) should form a thermodynamic series. Indeed, an increasing degree of condensation of the inorganic nodes in MOFs has previously been associated with the formation of thermodynamically more stable phases at increasing temperatures. 2, 37 When comparing UTSA-74 and MOF-74(Zn), the conversion of discrete Zn 2+ dimers into onedimensional infinite chains leads to an increase in the number of Zn 2+ -linker bonds from four to five, achieving a hydrolytically more stable coordination environment. This is reminiscent of the water-induced transformation of MOF-5(Zn) to MOF69c, 38, 39 where conversion of discrete [Zn4O(COO)6] clusters to infinite chains is also accompanied by an increase in average Zn 2+ coordination number, from 4 to 4.67. In our synthesis, DMSO might play a unique role in stabilizing the dimeric Zn 2+ units, and thus steering the synthesis to UTSA-74 rather than MOF-74(Zn). While a detailed investigation into the thermodynamics of the [Zn2(dobdc)] system is beyond the scope of this report, the observation that the more condensed MOF-74(Zn) is the thermodynamically favoured phase seems to be contradicted by the UTSA-74 synthesis reported by Luo et al., which operates at higher temperatures. However, a similar effect has been observed in other polymorphous hybrid materials, 5, 40, 41 and there was attributed to vibrational entropic effects (i.e. large thermal displacements of lattice atoms), which at high synthesis temperatures played a determining role in stabilizing the metastable phase of higher enthalpy.
Conclusions
A new preparative route towards UTSA-74 was established, employing DMSO as the solvent. In contrast to previous findings, UTSA-74 was found to transform to its polymorph MOF-74(Zn) by hydrolysis. These observations suggest that the latter is the thermodynamically preferred phase under the transformation conditions. This dissolution-recrystallization process was monitored by in situ X-ray diffraction and kinetically analysed using the Gualtieri model.
